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We discuss the capabilities of a future neutrino factory based on intense neutrino beams from a muon storage
ring to explore the nonstandard neutrino matter interactions, which are assumed to be subleading effects in the
standard mass induced neutrino oscillations. The conjunction of these two mechanisms will magnify the fake
CP violating effect in the presence of matter which is not coming from the CP phase in the neutrino mixing
matrix. We show that such a fake CP violation can be observed in neutrino factory experiments by measuring
the difference between the neutrino and antineutrino probabilities. In order to perform such a test, we consider
three neutrino flavors, admitting the mixing parameters in the range consistent with the oscillation solution to
the atmospheric and the solar neutrino problems, as well as with the constraints imposed by the reactor
neutrino data. We show that with a 10 kt detector with 5 years of operation, a stored muon energy Em>20 GeV,
231020 muon decays per year, and a base line L;732 km, such a neutrino facility can probe the nonstandard
flavor changing neutrino interactions down to the level of (1023 –1022)GF in both nm→nt /n¯m→n¯ t and ne
→nt /n¯ e→n¯ t modes.
DOI: 10.1103/PhysRevD.64.073003 PACS number~s!: 14.60.Pq, 13.15.1g, 14.60.StI. INTRODUCTION
The atmospheric neutrino experiments @1# present today
compelling evidence in favor of nm disappearance. The solar
neutrino experiments @2# as well are strongly indicating ne
disappearance. The Los Alamos Liquid Scintillator Neutrino
Detector ~LSND! @3# has also reported results consistent with
neutrino flavor conversion.
The most plausible mechanism of such neutrino flavor
disappearance or conversion is the oscillation of a neutrino
due to quantum interference driven by the neutrino mass
squared differences Dm2 @4,5#, which can happen when neu-
trino flavor eigenstates are supposed to be coherent superpo-
sitions of neutrino mass eigenstates @5#. Since the impressive
results from the CERN e1e2 collider LEP experiments
@6,7#, supported recently by the direct observation of nt by
DONUT @8#, established that there are at least three active
neutrino flavors, it is unavoidable to try to understand such
mass-induced neutrino oscillations in a full three-generation
scenario.
Under the assumption of such mass-induced neutrino os-
cillations in the three-flavor framework, atmospheric neu-
trino data @9# can be explained by pure nm→nt oscillations
in vacuum @10#, though the possibility of having contribu-
tions from non-negligible nm→ne oscillations is still not dis-
carded @11#, even after taking into account the constraints
coming from the CHOOZ reactor experiment @12#. On the
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provided either by matter-enhanced resonant neutrino con-
version, by the Mikheyev-Smirnov-Wolfenstein ~MSW! ef-
fect @13,14#, or by vacuum oscillations with a typical wave-
length of the order of the Sun-Earth distance @15# with pure
two-generation mixing or with small additional participation
of a third neutrino on top of the two-generation mixing. In
this work, we do not take into account signals of the LSND
experiment, since simultaneous explanations of the LSND
data together with atmospheric as well as solar neutrinos data
require the presence of a fourth sterile ~electroweak singlet!
neutrino, which is beyond the scope of this paper.
Several nonstandard ~or exotic! explanations of atmo-
spheric as well as solar neutrino data, which do not neces-
sarily invoke neutrino mass and/or mixing, also have been
suggested. For atmospheric neutrinos, nm conversion or dis-
appearance mechanisms induced by neutrino decay @16#, fla-
vor changing neutrino interactions @17#, and quantum deco-
herence @18# have been proposed to explain these data.
Among them, it was found that the flavor changing solution
cannot explain well the SK upward going muon data @19#
and also it is disfavored by the results coming from K2K
@20#. For solar neutrinos, there are also several proposals to
explain the data by invoking nonstandard neutrino properties
such as the magnetic moment @21#, nonstandard neutrino in-
teractions @22#, or even a tiny violation of the equivalence
principle @23#.
While some of these nonstandard solutions can explain
quite well the data, it is generally believed that the most
plausible solutions are provided by the standard mass-
induced oscillation mechanism, because mass and mixing are
the simplest extension of the standard model and, moreover,
it is a unique mechanism which can explain well both atmo-
spheric and solar neutrino observations at the same time,
without additional neutrino properties.©2001 The American Physical Society03-1
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possible that some non-standard neutrino properties could
induce some subleading effects in addition to the the stan-
dard mass-induced neutrino oscillation without causing any
inconsistency with the present observations. We are particu-
larly interested in such subleading effects induced by flavor
changing neutrino interactions. These types of interactions
were first suggested in Ref. @24#, and then discussed as a
possible mechanism to solve the solar neutrino problem in
Refs. @25,26#.
Indeed, many models of neutrino mass @27–29# are also a
natural source of nonstandard neutrino matter interactions
~NSNIs! which can be, phenomenologically, classified into
two types: flavor changing neutrino interactions ~FCNIs! and
flavor diagonal neutrino interactions ~FDNIs!, as we will dis-
cuss in detail in our work.
Therefore, we believe that even if mass-induced oscilla-
tions really take place in nature and such NSNIs are not
playing any relevant roles in explaining the observed neu-
trino data, it could be important to study NSNI interactions
as secondary contributions in order to gain some handle on
new physics beyond the electroweak standard model. The
crucial point of our idea is to use the fact that the simulta-
neous presence of neutrino masses and NSNIs can enhance
the difference in the conversion probabilities between neu-
trino and antineutrino channels in matter, causing fake CP
violation @30#.
Our aim here is to test such interactions in a future neu-
trino factory. A neutrino factory @31#, which would be a mile-
stone for a future muon-collider project, presents the possi-
bility to go beyond the goal of measuring with great
precision the oscillation parameters. It will offer us the
chance to measure separately the oscillating probabilities in
CP-conjugate channels, such as nm→ne ,nt and n¯m
→n¯ e ,n¯ t , with high intensity neutrino beams produced by a
muon storage ring @31#, after neutrinos travel through several
hundreds of kilometers in the Earth mantle before reaching
the detector.
There are already quite a few very interesting studies that
have shown the prospects of neutrino factories to measure
the mixing parameters and obtaining the pattern of neutrino
masses @31–33#, to test matter effects @32,33#, CP violation
in the leptonic sector @34,35#, CPT-odd interactions @36#,
and distinguish the mass-induced solution for the atmo-
spheric neutrino anomaly from the decoherence one @37# or
possible neutrino oscillation induced by violation of the
equivalence principle @38#. Signals of R-parity violating su-
persymmetric interactions which can be mistaken for neu-
trino oscillations in neutrino factory experiments were also07300investigated in Ref. @39#, where it is found that these novel
contributions basically do not affect the t event rate for base
lines greater than 200 km, except if the new couplings are
close to their perturbative limit.
Here, we investigate the capacity of neutrino factory ex-
periments to probe neutrino oscillations beyond the standard
mechanism assuming mixing parameters compatible with at-
mospheric, solar, and reactor neutrino experiments and by so
doing to discover new physics or put restrictive limits on
NSNI models. Our results will be presented as a function of
the distance between source and detector for two particular
muon energies.
In Sec. II, we define the formalism that will be used
throughout this paper. In Sec. III, we describe the various
experimental setups we will consider, as well as the details of
our experimental simulations. In Sec. IV, we show our pre-
dictions for the nm→nt and ne→nt channels with and with-
out CP violation. Finally, in Sec. V, we discuss our results
and present our conclusions.
II. MODIFIED OSCILLATION FORMALISM WITH NSNIs
There are currently several experimental bounds on NS-
NIs coming from the nonobservation of lepton flavor violat-
ing process @6#, from violation of lepton flavor universality,
or from neutrino scattering data. Model independent analysis
of these experimental constraints derived from
SU(2)L-related interactions, which can be found in Refs.
@40,22#, in general, gives a stronger bound for the ne2nm
channel, and typically sets the maximal strength of NSNIs
normalized by the electroweak interaction strength, i.e., GF ,
to be at a level much smaller than 1% whereas the bounds for
the nm2nt and ne2nt channels are substantially weaker
typically at the level of ;1022 –1021 in units of GF . There-
fore, in this work, we will only consider the two channels
nm-nt , ne-nt and their antineutrino ones, which are less con-
strained from the laboratory experiments.
In the usual three-generation neutrino oscillation frame-
work, we can define the correspondence between neutrino
mass eigenstates and neutrino interaction eigenstates by
F nenm
nt
G5UF n1n2
n3
G , ~2.1!
where n i(i51,2,3) are the neutrino mass eigenstates, and
na (a5e ,m ,t) are the neutrino flavor eigenstates with the
standard parametrization for the Maki-Nakagawa-Sakata @5#
mixing matrix U given byU5F c12c13 s12c13 s13e2id2s12c232c12s23s13eid c12c232s12s23s13eid s23c13
s12s232c12c23s13e
id 2c12s232s12c23s13e
id c23c13
G , ~2.2!
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is the CP violating phase.
A. NSNIs in the nµ\nt channel
If we consider the possibility of NSNIs only in the nm
→nt channel, the evolution Hamiltonian in matter has the
form
i
d
dr S nenm
nt
D 5F US 0 0 00 D21 0
0 0 D31
D U†
1S Ve~r ! 0 00 0 emtf V f~r !
0 emt
f V f~r ! emt8
f V f~r !
D G S nenm
nt
D ,
~2.3!
where D i j5Dmi j
2 /2E5(mi22m j2)/2E , i , j51,2,3, E is the
neutrino energy, V f(r)5A2GFn f(r), f 5u ,d ,e , V f(r)emtf is
the flavor changing nm1 f→nt1 f forward scattering ampli-
tude with the interacting fermion f ~electron, d or u quark!,
and V f(r)emt8 f is the difference between the flavor diagonal
nm-f and nt-f elastic forward scattering amplitudes, with
n f(r) being the number density of fermions which induce
such processes. In the evolution equation ~2.3!, emt
f and emt8
f
are the phenomenological parameters which characterize the
strength of FCNIs and FDNIs, respectively. The fermion
number density n f(r) can be written in terms of the matter
density r as n f(r)5r(r)Y f , where Y f is the fraction of the
fermion f per nucleon, ;1/2 for electrons and ;3/2 for u or
d quarks. In all cases, electron neutrinos will coherently scat-
ter off the electrons present in matter through the standard
electroweak charged currents which introduce nontrivial con-
tributions to the neutrino evolution equations. These contri-
butions are taken into account by the diagonal term Ve(r) in
Eq. ~2.3!.
A similar form applies to the evolution of antineutrinos
except that Ve , f(r)→2Ve , f(r) and U→U*. We assume the
density profile of the Earth to be the one given by the pre-
liminary reference Earth model @41# and solve these evolu-
tion equations numerically to compute the oscillation prob-
abilities P(nm→nt) and P(n¯m→n¯ t).
B. NSNIs in the ne\nt channel
Now, if we consider NSNIs only in the ne→nt channel,
the evolution Hamiltonian in matter will have the form
i
d
dr S nenm
nt
D 5F US 0 0 00 D21 0
0 0 D31
D U†
1S Ve~r ! 0 eetf V f~r !0 0 0
eet
f V f~r ! 0 eet8
fV f~r !
D G S nenm
nt
D .
~2.4!07300Again for antineutrinos we have to make the following sub-
stitution: Ve , f(r)→2Ve , f(r) and U→U*. We obtain the os-
cillation probabilities P(ne→nt) and P(n¯ e→n¯ t) by numeri-
cally solving Eq. ~2.4! for neutrinos and the corresponding
modified one for antineutrinos.
In the following, we will drop the f superscript of e , e8
and consider interactions only with either u or d quarks,
since limits on interactions with electrons can be obtained by
a simple rescale of our plots. If NSNIs are caused by elec-
trons, e and e8 parameters must be increased by a factor of 3
to get the same effect presented in this paper.
C. Useful two generation formulas
It is instructive to write down the analytical expression for
the conversion probability in two generations considering a
constant matter density. This will help to understand the full-
fledged three-generation numerical results. The probability
of na→nt , a5e ,m , conversion can be written as
P~na→nt!
5
4S D2 sin 2u1eatV f D
2
4S D2 sin 2u1eatV f D
2
1~D cos 2u1eat8 V f2deaVe!2
3sin2H L2 F4S D2 sin 2u1eatV f D 2
1~D cos 2u1eat8 V f2deaVe!2G1/2J , ~2.5!
where D and sin 2u will be chosen depending on the oscilla-
tion mode. The probability of n¯ a→n¯ t conversion is analo-
gous to the above except that Ve , f→2Ve , f .
One can easily see that the probability is much more sen-
sitive to eat than to eat8 , since eat appears in the numerator
and in the denominator of the amplitude in Eq. ~2.5!, while
eat8 appears only in the denominator. Moreover, the terms
involving eat are increased by a factor of 4 with respect to
the terms involving eat8 . These features become more promi-
nent if the distance is not so large and the contribution from
FCNIs is small as we will see below.
Let us take some typical values for the mixing parameters
and the neutrino energy we are going to consider in this
work, Dm2;few31023 eV2, E5few310 GeV, and not
very large distance L&1000 km. In this case, taking the
NSNI effects to be small, i.e., e ,e8!1, the probability in Eq.
~2.5! can be approximated, up to the first order in the NSNI
parameters, as follows:
P~na→nt!.
1
4 D sin 2u~D sin 2u14eatV f !L
2
. ~2.6!
Note that there is no dependence on the eat8 parameter in the
above probability. For the corresponding antineutrino chan-
nel, V f must be replaced by 2V f in Eq. ~2.6!, which leads to
a different probability. It is important to point out that, as we3-3
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alone without neutrino mass (D→0) cannot cause the neu-
trino and antineutrino probabilities to differ.
In order to extract the information on NSNIs, without
knowing the very precise values of mixing parameters, we
must compare in some way the probability for neutrinos and
anti-neutrinos. In this work, we consider the ratio of the ex-
pected number of events for antineutrinos and neutrinos,
which can be approximately inferred, for small values of
eat , taking into account the difference in the detection cross
sections (sn¯ t and snt), from the simple expression
R~P ![
sn¯ tP~n
¯
a→n¯ t!
sntP~na→nt!
.
1
2 2
4eatV f
D sin 2u14eatV f
.
~2.7!
From the expressions in Eqs. ~2.6! and ~2.7!, it is clear that
the oscillation probabilities are much more sensitive to the
FCNI parameter eat than to the FDNI parameter eat8 , and
moreover, in the ratio, the FCNI effect does not depend on
the distance as long as it is not very large, i.e., L&1000 km;
this will be confirmed in the following sections.
In this work, we assume that Dm31
2 is positive and do not
consider the negative case ~inverted hierarchy! because such
case will covered as we consider both the positive and nega-
tive signs of eat . From Eq. ~2.7! we can see that the same
effect is obtained when (Dm312 ,eat) is replaced by
(2Dm312 ,2eat), which is valid as long as L&1000 km.
III. EXPERIMENTAL SETUP AND OBSERVABLES
Many authors @31# have emphasized the advantages of
using the long straight section of a high intensity muon stor-
age ring to make a neutrino factory. The muons ~antimuons!
accelerated to an energy Em constitute a pure source of both
nm (n¯m) and n¯ e(ne) through their decay m2
→e2n¯ enm (m1→e1nen¯m) with the well known initial flux
and energy distribution. In this context it is quite suitable to
perform very precise measurements of the probability of os-
cillation in CP-conjugated channels, such as nm→nt and
n¯m→n¯ t or ne→nt and n¯ e→n¯ t .
There are many propositions for these types of neutrino
factories, with values for the energy of the stored muon ~anti-
muon!, Em , going from 10 GeV to 250 GeV, for base lines L
ranging from 730 km to 10 000 km, in any case the neutrino
beam penetrating a fair bit of the Earth’s crust. Since we do
not know which will be the final configuration, we will do
our estimations for several possible configurations. We do
our calculations taking into account all the available relevant
experimental information to compute real experimental ob-
servables.
Here we will explore the neutrino factory as an appear-
ance nt (n¯ t) experiment. We define the following observ-
ables of interest:
Rmt~emt ,emt8 !5
Nn¯ t
1
~emt ,emt8 !
Nnt
2 ~emt ,emt8 !
~3.1!07300and
Ret~eet ,eet8 !5
Nn¯ t
2
~eet ,eet8 !
Nnt
1 ~eet ,eet8 !
, ~3.2!
where Rmt (Ret) is the ratio between the total number of
detectable n¯ t events, Nn¯ t
1 (Nn¯ t
2 ), when the neutrino beam is
made of m1 (m2) decays, in the n¯m→n¯ t (n¯ e→n¯ t) channel,
over the total number of detectable nt events, Nnt
2 (Nnt
1 ),
when the beam is made of m2 (m1) decays, in the nm
→nt (ne→nt) channel. These numbers can be calculated as
Nnt
2 ~emt ,emt8 !5FE
E th
Em
h~E !P~nm→nt!~E !dE , ~3.3!
Nn¯ t
1
~emt ,emt8 !5FE
E th
Em
h¯ ~E !P~n¯m→n¯ t!~E !dE ,
~3.4!
Nnt
1 ~eet ,eet8 !5FE
E th
Em
g~E !P~ne→nt!~E !dE ,
~3.5!
Nn¯ t
2
~eet ,eet8 !5FE
E th
Em
g¯ ~E !P~n¯ e→n¯ t!~E !dE ,
~3.6!
where
F5nm2M
109NA
mm
2 p
Em
3
L2
,
with
h~E !52
E2
Em
2 S 322 EEmD
snt~E !
Em
2 ht~E !, ~3.7!
h¯ ~E !52
E2
Em
2 S 322 EEmD
snt¯~E !
Em
2 ht¯~E !, ~3.8!
g~E !512
E2
Em
2 S 12 EEmD
snt~E !
Em
2 ht~E !, ~3.9!
g¯ ~E !512
E2
Em
2 S 12 EEmD
snt¯~E !
Em
2 ht¯~E !, ~3.10!
where Em is the muon source energy, M is the detector mass
in ktons, nm2 and nm1 are the number of useful m2 and m1
decays, respectively, 109NA is the number of nucleons in a
kton, and mm is the mass of the muon. The functions h(E)
and h¯ (E)@g(E) and g¯ (E)] contain the nm and n¯m @ne and
n¯ e] energy spectrum normalized to 1, the charged current3-4
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detection efficiencies ht , ht¯ , respectively.
We have used E th54 GeV and assumed, for simplicity,
that once this cut is applied the tau neutrino and tau an-
tineutrino can be observed with the same efficiency ht5ht¯
50.33 which seems to be achievable by means of exploiting
one-prong and three-prong t decay topologies along with a
displaced vertex or kinks resulting from t-lepton decays
@43#. We have neglected the finite detector resolution follow-
ing Ref. @32#.
In our study we will consider the following general char-
acteristics for the neutrino factory: Em520 GeV and 50 GeV,
231020 muon decays, a 10 kton detector, and 5 years of data
taking. We would like to point out that the observable
Rmt (Ret) can amplify the differences between Nnt
2 (Nnt
1 )
and Nn¯ t
1 (Nn¯ t
2 ), independent of the absolute number of
events.
IV. PERSPECTIVE OF FUTURE NEUTRINO FACTORIES
In order to estimate the maximal limit on eat and eat8 ,
with a5e ,m , that can be achieved by a neutrino factory we
define the following functions:
x2~eat ,eat8 !52@Nnt
6 ~eat ,eat8 !2Nnt
6 ~eat50,eat8 50 !#
12Nnt
6 ~eat50,eat8 50 !
3lnS Nnt6 ~eat50,eat8 50 !Nnt6 ~eat ,eat8 ! D ~4.1!
and
x¯ 2~eat ,eat8 !52@Nn¯ t
7
~eat ,eat8 !2Nnt
7 ~eat50,eat8 50 !#
12Nn¯ t
7
~eat50,eat8 50 !
3lnS Nn¯ t7 ~eat50,eat8 50 !Nn¯ t7 ~eat ,eat8 ! D , ~4.2!
so that for fixed values of the oscillation parameters, one can
compute the number of standard deviations of separation be-
tween pure mass-induced oscillations and mass-induced os-
cillations plus NSNI contribution as a function of eat and
eat8 , as ns5A(x21x¯ 2)/2.
We will consider in our analyses the following range for
the oscillation parameters: 131023 eV2&uDm31
2 u&7
31023 eV2, uDm21
2 u&131023 eV2, 0.8&sin2 2u23&1.0,
0.7&sin2 2u12&1.0, and sin2 2u13&0.3, with 0<u12 ,
u23 ,u13,p/2 and 0<d<p/2. To the extent that the contri-
butions from the subleading solar uDm21
2 u!uDm31
2 u scale are
small, our results apply approximately to other solar sce-
narios.07300A. NSNIs in the nµ\nt channel
The interesting feature of this channel is not only that for
the standard oscillation mechanism, with d50, the fake CP
violation induced by the matter effect is very small @44#,
under our assumptions about the mixing parameters, but also
that even if we consider the CP violation phase to be maxi-
mal (d5p/2), this quantity remains quite negligible. This is
due to the fact that sin2 2u13 is highly constrained by
CHOOZ and the atmospheric neutrino data. On the other
hand, as we have seen in Sec. II the inclusion of extra con-
tributions from NSNIs in the neutrino evolution Hamiltonian
will enhance the fake CP violation in matter.
To illustrate the size of the effect due to NSNIs in this
channel we plot in Figs. 1 and 2 the ratio Rmt as a function of
L for Em520 and 50 GeV, respectively, for emt8 50 and emt
50.001 and 0.01. These plots were done for the best fit
values of the oscillation parameters for the combined analy-
sis of atmospheric, solar, and reactor data according to Ref.
@45#, assuming the large mixing angle solution to the solar
neutrino anomaly, i.e., Dm31
2 53.131023 eV2, Dm21
2 53.3
31025 eV2, sin2 2u2350.97, sin2 2u1250.78, and sin2 2u13
50.02, with d50.
For no NSNIs, the ratio is nearly constant around 0.5, and
it is essentially dominated by the ratio between nt and n¯ t
cross sections since the standard matter effect is negligible
@P(nm→nt)’P(n¯m→n¯ t)# . As FCNIs are introduced by in-
creasing the value of emt , we observe that the effect of the
new interactions pops in, becoming quite appreciable for
emt;1022 and stronger as we increase in energy. This de-
pendence in energy can be easily understood using the two-
FIG. 1. Ratio between the number of expected n¯ t over the num-
ber of expected nt , as a function of the base line L, for a few values
of emt and emt8 50. The value of the other oscillation parameters
used in this plot are Dm32
2 53.131023 eV2, Dm21
2 53.3
31025 eV2, sin2 2u2350.97, sin2 2u1250.78, sin2 2u1350.02, and
d50.3-5
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5D32 and sin 2u5sin 2u23 . Although we are here working in
a full three-generation scheme, this approach will be good
enough to interpret the general behavior of the probabilities.
This is because these two parameters are the leading param-
eters for conversion in this channel in the three-generation
framework. From Eqs. ~2.6! and ~2.7!, we see that the effect
of fake CP violation becomes larger as the energy grows and
can reach smaller values of emt .
Note that the impact of using the Earth’s density profile
can be appreciated in the small distortions of the curves for
L.1000 km, which is especially sizable in Fig. 2, for emt
50.01, which also can be explained in a first approximation
by the two-generation formula.
For our statistical analyses of the limits that can be
achieved by a neutrino factory, we have chosen to work with
L5732 km. Two reasons support this choice: the FCNI ef-
fect is stronger and independent of L up to 1000 km @which
can be understood from Eq. ~2.7! in Sec. II C# and this base
line is compatible with the CERN-Gran Sasso or Fermilab-
Soudan distance. In addition, at 732 km the neutrino flux is
still quite big.
In Figs. 3 and 4, we show the region of sensitivity in the
uemt8 u3uemtu plane for emt8 ,emt.0 computed using the pre-
scription given in Sec. IV and requiring a ns53,5 separa-
tion. We plot the maximal limit for two extreme cases, one
for Dm32
2 5131023 eV2 and the other for Dm32
2 57
31023 eV2. To give an idea of the corresponding number
of events expected at the limiting points, we give in Table I
these numbers for emt8 50. We have checked that these re-
sults are not modified by changes in the values of the other
oscillation parameters or by the adopted sign of Dm32
2 or of
Dm21
2
. In particular, P(nm→nt) and the P(n¯m→n¯ t) are es-
sentially independent of d and the value of Dm21
2
. We also
have done the same calculation in the case of either emt8 ,0
FIG. 2. Same as Fig. 1 but for Em550 GeV.07300or emt,0 or both, but we do not show these curves here
since they are almost identical to the ones in Figs. 3 and 4.
For Em520 GeV we see that it is possible to probe, at the
3s level, uemtu*631023 and uemt8 u*1.7(0.6), for Em550
GeV, and uemtu*1.631023 and uemt8 u*1.4(0.4), for Dm322
5131023 eV2 (731023 eV2). As explained in Sec. IV
FIG. 3. Region in the emt8 3emt plane that can be probed by a
neutrino factory considering Em520 GeV, L5732 km, 231020
muon decays, and a 10 kton detector after 5 years of data taking.
The regions that were determined by demanding a ns53,5 separa-
tion are the ones to the right of each line. The value of the other
oscillation parameters used in this plot are Dm21
2 53.3
31025 eV2, sin2 2u2350.97, sin2 2u1250.78, sin2 2u1350.02, and
d50. Here emt ,emt8 .0.
FIG. 4. Same as Fig. 3 but for Em550 GeV.3-6
PROBING FLAVOR CHANGING NEUTRINO . . . PHYSICAL REVIEW D 64 073003we did not expect to be very sensitive to emt8 , also the limits
are better at 50 GeV due to the flux increase with Em3 .
Finally we note that, although the oscillation probabilities
in this channel can get quite large, the difference in the neu-
trino and antineutrino probabilities remains small, unless
uemtu→1. This means that the constraints rely mainly on a
large event statistics.
B. NSNIs in the ne\nt channel
We plot in Figs. 5 and 6 the ratio Ret as a function of L
for Em520 GeV and 50 GeV, respectively, for eet8 50 and
eet50.0001, 0.001, and 0.01. We can compare these figures
with Figs. 1 and 2 for Rmt and make two observations. First,
for the case without NSNIs we have a strong deviation in the
channel ne→nt from the value 0.5 after L*1000 km, this is
because matter effects (Ve) are especially important in this
mode, in contrast with nm→nt where they are small. Second,
when we add the nonstandard contributions the effect in ne
TABLE I. Number of nt and n¯ t events expected for two differ-
ent Em values L5732 km, 231020m decays, assuming a 10 kton
detector after 5 years of data taking. We give this information for
Dm32
2 5131023 eV2 and 731023 eV2, keeping the other oscilla-
tion parameters fixed to Dm21
2 53.331025 eV2, sin2 2u2350.97,
sin2 2u1250.78, sin2 2u1350.02, and d50. Here emt8 5eet8 50 and
emt ,eet.0.
nm→nt
Em520 GeV
Dm32
2 5131023 eV2 Dm32
2 5731023 eV2
Nnt Nn¯ t Nnt Nn¯ t
No NSNI 954 484 39 372 20 009
emt at 3s 1061 433 40 073 19 656
Em550 GeV
Dm32
2 5131023 eV2 Dm32
2 5731023 eV2
Nnt Nn¯ t Nnt Nn¯ t
No NSNI 2470 1253 114 521 58 153
emt at 3s 2665 1156 115 804 57 506
ne→nt
Em520 GeV
Dm32
2 5131023 eV2 Dm32
2 5731023 eV2
Nnt Nn¯ t Nnt Nn¯ t
No NSNI 6 3 384 163
eet at 3s 18 1 456 134
Em550 GeV
Dm32
2 5131023 eV2 Dm32
2 5731023 eV2
Nnt Nn¯ t Nnt Nn¯ t
No NSNI 15 8 1116 522
eet at 3s 32 3 1235 46807300→nt channel is again more relevant than for nm→nt . This
can be understood since at a first approximation we can think
that the modified three-generation probabilities P(ne→nt)
and P(n¯ e→n¯ t), as is the case for the standard ones @33#,
must be proportional to sin2 2u13
m in matter; only in our case
do we also have to consider the contributions of the non-
standard interactions. This permits a qualitative understand-
ing of our results in terms of the two-generation formula @Eq.
~2.5!# replacing D by D31 and sin 2u by sin 2u13 , which are
the most relevant parameters in this mode. From Eqs. ~2.6!
and ~2.7!, we see that the relative effects of fake CP viola-
FIG. 5. Same as Fig. 1, but for the mode ne→nt /n¯ e→n¯ t , we
also show the standard case for d5p/2,2p/2.
FIG. 6. Same as Fig. 5 but for Em550 GeV.3-7
A. M. GAGO et al. PHYSICAL REVIEW D 64 073003tion become larger compared to the nm→nt channel because
of the smaller value of the relevant mixing angle u13 for this
channel.
In Figs. 7–10, we show the minimal values of eet that can
be probed at Em520 and 50 GeV. The first two figures cor-
respond to the cases eet ,eet8 .0 and eet ,eet8 ,0 at 20 GeV,
the last two to the cases eet ,eet8 .0 and eet ,eet8 ,0 at 50
GeV. We also have looked at the possibility of having eet
.0, eet8 ,0, and eet,0, eet8 .0; the limits in the first case
are almost identical to the ones shown in Figs. 7 and 9, while
in the latter case very similar to Figs. 8 and 10.
FIG. 7. Same as Fig. 3 but for the mode ne→nt /n¯ e→n¯ t and
two distinct values of d . Here eet ,eet8 .0.
FIG. 8. Same as Fig. 3 but for the mode ne→nt /n¯ e→n¯ t and
two distinct values of d . Here eet ,eet8 ,0.07300These plots were calculated again assuming a comfortable
separation of ns53,5 in the x2 analysis described in Sec. IV
and L5732 km as for the nm→nt mode. For each plot we
have two different assumptions: ~a! d50 and ~b! d5p/2; in
both we have considered the uncertainty on Dm32
2
. We see
clearly that the CP violation phase d is significant in this
channel. We do not show the dependence of these limits on
the values of the other oscillation parameters or on the sign
of the mass-squared differences, since these would practi-
cally unaffect the plots. In Table I, one can find the corre-
sponding number of events when eet.0 and eet8 50 for ns
53.
For Em520 GeV, we see that it is possible to probe, at the
3s level, for any value of eet8 , eet*731023 and eet&
FIG. 9. Same as Fig. 7 but for Em550 GeV.
FIG. 10. Same as Fig. 8 but for Em550 GeV.3-8
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31022 (1.531022) and eet&21.431022 (25.131022),
these limits correspond to Dm32
2 5131023 eV2 (7
31023 eV2).
For Em550 GeV, it is possible to test eet*1.631023 and
eet&21.631023 for d50 and eet*4.031023 (6.3
31023) and eet&23.631023 (21.431022) for d5p/2;
again these limits correspond to Dm32
2 5131023 eV2 (7
31023 eV2). In this channel it will be not possible to set a
stiff limit on eet8 due to low statistics.
In spite of the low statistics of events in this mode, the
difference in the probabilities of oscillation for neutrinos and
antineutrinos in matter, as one can see from Figs. 5 and 6,
makes it possible to achieve a sensitivity to FCNIs as low as
the previous mode.
V. FINAL CONCLUSIONS
We have studied the effect of nonstandard neutrino matter
interactions which are assumed to be subdominant in the
standard mass-induced neutrino oscillation in future neutrino
factory experiments. When nonstandard matter interactions
are added to the mass oscillation mechanism, the difference
between neutrino and antineutrino probabilities can be en-
hanced, causing a fake CP violating effect not coming from
the intrinsic CP phase.
Based on this interesting feature, we have obtained, in
ne→nt as well as nm→nt oscillation modes, possible limits
on NSNIs which can be accessible by the future neutrino
factories, under the framework of a three-neutrino mixing
scheme, assuming that the mixing parameters are compatible
with the solar and atmospheric solution as well as reactor
neutrino oscillation experiments.
We have shown that these facilities, with 5 years of op-
eration and a 10 kton detector, are able to test FCNIs down to
a level of (1023 –1022)GF in either nm→nt or ne→nt mode
whereas sensitivity to FDNIs is much worse only to a level
of O(1)GF for nm→nt . These limits on FCNIs will cer-
tainly put much more stringent limits on the strength of lep-
ton flavor violating new interactions, parametrized here by e ,07300than the present bound can be found in the literature @40,22#.
In particular, we conclude that if Em520 GeV and L
5732 km, neutrino factory oscillation experiments will be
able to set limits on the FCNI parameters such as uemt
u ,du
&0.006, uemt
e u&0.018, 20.006&eet
u ,d&0.007, and 20.018
&eet
e &0.021, and if Em550 GeV these limits can be uemtu ,du
&0.002, uemt
e u&0.006, 20.014&eet
u ,d&0.007, and 20.042
&eet
e &0.021. These bounds could be regarded as robust and
model independent and can be used to constrain new physics
in the electroweak sector. Let us also remark that, for both
nm→nt and ne→nt channels, our bounds are mainly af-
fected by the uDm31
2 u and do not practically depend on
uDm21
2 u which is relevant for solutions to the solar neutrino
problem, and there is some effect from the CP violation
phase d for the ne→nt channel.
The constraints on emt8 that could be obtained are emt8
u ,d
&2 and emt8
e &0.7. As we had expected these limits are much
weaker than the corresponding ones in emt , due to the fact
that the modified probability ~mass1NSNI! is slightly de-
pendent in emt8 ~see the discussion in Sec. II C! for the dis-
tance considered. Also these constraints are clearly much less
stringent than the ones in Refs. @40,22#. As a result of low
statistics, no limit on eet8 can be established.
We have not presented the analysis for eem since it will be
very hard to lower the bounds found in the literature,
O(1025), by a neutrino factory.
As we were finishing this work we came across Ref. @46#
where the effect of extra real as well as fake CP violation
due to new physics was studied in the context of oscillation
experiments at neutrino factories. We note that the work in
Ref. @46# is somehow complementary to ours since, there,
the effect of new interactions was considered in the process
of the production and detection of neutrinos, while here we
only consider their effect in neutrino propagation.
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